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Why grow algae on CO, from air?
CO, point-source co-location limits algal resource potential to less than 5 BGY
Direct, in-pond air-CO, capture can increase resource potential nearly 10-fold
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The CO, mass-transfer rate, /.., is proportional to the mass transfer coefficient,
k;, and the ‘driving force’ for mass transfer. E accounts for chemical reactions.
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e Driving force is negative e Driving force is positive

e CO, lost from pond to atmosphere * Air-CO, transfer from atmosphere to pond
* Net CO, ‘outgassing’ rate  Net CO, ‘ingassing’ rate

* Influence of reactions accounted with ‘E’

Outgassing rates must be minimized to achieve high carbon utilization efficiency
Ingassing rates of are interest for direct algae air-CO, capture

e :



k_ is between 0.05-0.1 m/hr for small ponds, unmeasured in large (1-acre +) ponds
At elevated alkalinity, pH 7.5 — 8.0, CO, outgassing rates approach the daily gain in

biomass
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Influence of k., pond scale on the ingassing rate is uncertain, dependent on E
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At elevated pH, the CO, ,, + OH- reaction pathway appreciably increases air-CO,
flux, known as chemical enhancement

Without chemical enhancement, E = 1, Where: _ _
and air-CO, flux is given by: C285 = CO, o4 at the air-water interface, in equilibrium
Jeo,= ki * (€285 — Co35) *E

with the gas phase, ~10 uM

Air-water C2ys = COy 4q in pond ‘bulk’, ~0 yM at pH > 10
W interface C02 air k.= mass transfer coefficient, ~0.1 m/hr for ponds, a

= l measure of turbulence as it relates to mass transfer

Slow, E = 1 COzaq  Fast E>1 Under non-enhanced (E = 1) conditions:

—013(10—0 M) =10.3 9¢ ~O6gAFDW
+ HZO/ \OH Jeo, = 0. hr HoE == m2day ~ m2day
E must be ~ 30 to support 20 g AFDW/m?2-day!

H2CO3 HCO5

Depending on the assumed mass-transfer regime,
estimates for E range from 2 to 40 at pH 10.5
Hypothesis: E is sufficient to support high rates of carbon uptake, at a

biologically compatible high pH




Approach - Identify conditions to meet the target air-CO, flux

« Measure air-CO, exchange rates via abiotic (without E =<z
algae) trials in 1-acre ponds. :

o k; is measured in ‘outgassing trials’, by
supersaturating the pond with CO,, then measuring
the rate of pH increase.

o Air-CO; flux, J¢o,, at elevated pH is measured by

displacing the pond from air-equilibrium with a strong : : _

. R Top: 1-acre ponds at QH, used to measure ingassing
base, then measuring the rate of return to equilibrium  jaes at commercially relevant scale. Bottom: MBE
(DH decrease) 3.4 m? used to more fully parameterize air-02 ux.

« Compare ingassing rates over a wider current . .
velocity range in more easily managed 3.4 m? ponds |~ S

-« Compare experimental results to model predictions == —' ‘
to identify the appropriate mass-transfer model



The mass transfer coefficient was measured at two
paddle wheel speed settings over 13 cyles
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k_ is calculated from pH vs. time curves

Calculated from pH, alkalinity, Outgassing rate = AIC Outgassing rate m
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k. measured 0.08 — 0.10, higher than hypothesized

Cycle #
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Abiotic air-CO, ingassing rates were measured over
three cycles, beginning above pH 12
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1-acre pond ingassing rates rates increase with pH due to chemical
enhancement; pH > 11.7 required to support 15 g AFDW/m2-day
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Mass-transfer model predictions of E, for two limiting cases:

Second order instantaneous reversible reaction, ‘Diffusion Limited’ (Olander 1960)

Don—-Dycoz K{OH™] ] [HCO5]

=k (Pair H_C* x=5 ) 1 _
]COZ L * co2 * COZ( ) * + DCOZ(K'CO;(aq)'DHCOr;-l'DOH_) [OH_][COZ]

First-order, finite reaction rate, ‘Reaction Rate Limited’ (Hatta 1932)

D k
\/Dcoz * keor * [OH™] * coth co2 * 2tot
(k1)

Jco, = (ngé * H — Cppp(x = 5)) *

2



Transfer coefficient measurements repeated in 3.4 m? ponds, aiming to
find paddle wheel setting, depth yielding ‘fast’ and ‘slow’ k; in follow-on
ingassing trial

Paddlewheel VFD Depth
setting (Hz) Pond (cm) k, (m/hr) Kl Error n
45 A 30 0.22 0.01 84
45 A 25 0.29 0.01 76
45 B 30 0.36 0.02 209
35 A 25 0.20 0.01 485
30 A 30 0.12 0.01 83
30 B 30 0.22 0.01 83
20 A 30 0.06 0.01 26
20 B 30 0.07 0.01 26 .
Outgassing rate m
15 A 30 0.04 0.01 7 k, = — [=]—=
driving force hr
15 B 30 0.05 0.01 7
10 A 30 0.03 0.01 13
10 B 30 0.03 0.01 13
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Experimental data validates the reaction-rate limited model; air-CO, flux
is independent of the mass-transfer coefficient, k;

Model predictions for ‘diffusion’ (dotted lines) and ‘reaction rate’ limited (solid lines)
transfer, at low (kL = 0.06 m/hr) and high (kL = 0.36 m/hr) turbulence levels

0.8 ~
<
T 0.6 -
o -
g 20 g AFDW/m?-d valent °
£ 04 g m?2-day equivalen -
g m
L7
@ 0.2 -
> Squares =
- g Experimental results
m B
00 T T T T T T T
9.4 9.9 104 10.9 114 11.9 12.4

pH
Conclusion: Decreases in turbulence levels in 10-acre ponds are not expected

to influence chemically enhanced air-CO, flux.
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Conclusions

« Chemically enhanced air-CO, absorption requires high pH, 12
or above, to support economically viable biomass productivity

* Finding strains that thrive at such a high pH will be a challenge
« Experimentally measured ingassing rates align well with the

‘reaction-rate limited’ mass-transfer regime; ingassing rates
appear minimally influenced by pond scale



Thank you!
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Full-Scale
Equipment;
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Disclaimer @ENERGY

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of its employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

19




References

Asadollahzadeh, M. J., Ardjmand, M., Seafkordi, A. A., & Heydarian, S. M. (2014). Efficient storage and utilization of CO 2 in open raceway
ponds for cultivation of microalgae. Korean Journal of Chemical Engineering, 31(8), 1425-1432.

Davis, R., Markham, J., Kinchin, C., Grundl, N., Tan, E. C., & Humbird, D. (2016). Process design and economics for the production of algal
biomass: algal biomass production in open pond systems and processing through dewatering for downstream conversion (No. NREL/TP-5100-
64772). National Renewable Energy Lab.(NREL), Golden, CO (United States).

Hatta, S. (1932) Technical Reports Tohoku Imperial University 10 (119)

Langholtz, M. H., Stokes, B. J., & Eaton, L. M. (2016). 2016 Billion-ton report: Advancing domestic resources for a thriving bioeconomy, Volume
1: Economic availability of feedstock. Oak Ridge National Laboratory, Oak Ridge, Tennessee, managed by UT-Battelle, LLC for the US
Department of Energy, 2016, 1-411.

Olander, D. R. (1960). Simultaneous mass transfer and equilibrium chemical reaction. AIChE Journal, 6 (2), 233-239.

Raven, J. A., & Johnston, A. M. (1991). Mechanisms of inorganic-carbon acquisition in marine phytoplankton and their implications for the use
of other resources. Limnology and Oceanography, 36(8), 1701-1714.

Venteris, E. R., McBride, R. C., Coleman, A. M., Skaggs, R. L., & Wigmosta, M. S. (2014). Siting algae cultivation facilities for biofuel production
in the United States: trade-offs between growth rate, site constructability, water availability, and infrastructure. Environmental science &
technology, 48(6), 3559-3566.

Weissman, J. C., Tillett, D. M., & Goebel, R. P. (1989). Design and operation of an outdoor microalgae test facility (No. SERI/STR-232-3569).
Microbial Products, Inc., Vacaville, CA (USA).

Weissman, J.C., Goebel, R.P., and Benemann, J.R., "Photobioreactor Design: Comparison of Open Ponds and Tubular Reactors", Bioeng.
Biotech., 31: 336-344 (1988).

20



